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SEPSIS. 


The regime transj.tion and pressure drop of 
two-phase air-i;ater co-current upward flew in a vertica3- 
circular channel has been investigated experimentally. The 
transition of dispersed flow to annular flow at low pressures 
has been studied, visual observation of flo^r regimes has been 
made using still photographs. 

■ The test chejmel is made up of 16 mm O.D. and 11,5 mm 
I.D, pyrex glass/tube. Actual length of the test channel is 
1400 mm but the test length vras 800 imu only. The range of 

p 

parameters studied are pressure 1,1736 l:gf/cm abs ,5 
1.3142 kgf/cm^ abs, and 1.5954 kgf/cm^ abs,, flov; rate of 
air 11.78 kgrVhr to 40,3 kgm/hrj flow rate of water 0,9 kgm/ 
hr to 1.44 kgm/hr7^ 

Tables and curves re;pre senting the uransition with 
pressure as parameter are presented. Also the variation of 
pressure drop with air-i-zeight fraction is p 2 ’Gsented, Pressure 
drop varied from 2 80 mm of water per meter to 1021 mm of 
water per meter while air weight fraction variedfrom 91. to 
97.2?^. 

The sequence of photographs which includes the 
transition has been also presented starting from the 
dispersed flow to annular flow. The experimental data 
represent an extension of Balcer’s plot. The result is in 
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good agreement witli the prediction of 0,A .Xreranev et al who 
presented their results in terms of gms. of ’mter per cubic 
meter of air vs. superficial veloci.ties of air for dispersed 
flow. 

Suggestions for further experimental and theore- 
tical research are presented. 



I ihtro ductioii 

1.1 General : 

The study of tiTO phase flows with either single or 

multi component fluids has led in recent years to an accumu- 

(1 ) 

lation of a vast amount of literature , because of the 
importance of two-phase flow in the nuclear, space, chemical 
and agricultural fields. Fluidised beds for reduction of 
uranium ore and ground-water flows to wells etc. are the 
examples of solid-liquid two-phase flow. Rocket exhausts 
containing ash or -unburnt metal powder is the example of 
solid- gas two-phase flow. Two-phase gas-liquid flows are 
found to exist in boilers, condensers, refrigerators, natural 
gas pipe lines, gasoline-engine manifolds and nuclear 
reactors. 

The flow of both gas and liquid in the same direc- 
tion -in a conduit is Icnown as co-current two-phase gas-liquid 
flow. 

Two-phase flows have been studied for several 
decades, but the earlier investigations were mainly devoted 
to practical problems of petroleum and chemical engineering. 
Although a significant • amount of work had been done prior to 
the advent of nuclear power plants, a great deal of addi- 
tional research was needed to meet the needs of the, nuclear 
industry, particularly in connection with boiling water 
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reactors. The experimental hoiling water reactor is an 
outstanding example of a plant whose performance was signi- 
ficantly improved on the "basis of new studies on two-phase 
flows. Originally designed to "be operated at 20 IM, the 

thermal power of 3BWR has been- more than tripled because of 

('S. ■) 

the better understanding of two-phase floi^/- phenomena 

In boiling x\ra ter,,, realtors, subcooled water enters 
at the bottom of the reactor, boils as it flows along the fuel 
assemblies and emerges at the top as the steam-water mixture 
which is single component two-phase flow. The presence of 
steam bubbles at fuel-water interface is an important 
characteristic of this type of reactor. It influences not 
only its nuclear properties but also its thermal and hydraulic 
performance. It affects the maximum allowable heat flux 
which in turn may lead to burnout or failure of the fael 
clad. It also affects the local value of neutron flux or 
power distribution. 

In a tank type reactor the fuel assemblies are 
arranged in parallel and experience the same pressure drop 
from the top to bottom of the reactor core. The flow 
through each fuel bundle depends upon this pressure loss 
and in particular upon its two-phase pressure drop 
compone-nt, 

■ The steam volume fraction, affects boiling water . 
reactor economies in two ways. For example, a IC^ error in 
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local steam volume produces a change in power distribution 
of about ■ , Again if it is possible to raise the steam 
volume in a boiling water reactor without affecting its 
operability, substantial saving would be made in the costs 
of the recirculating system. So analytical and experimental 
studies of the cross-sectional distribution of steam and 
water are needed in forced convection flov; which is very 
important linlc in our basic understanding of two-phase flow. 

The pressure across the core of a boiling water 
reactor consists mainly of two-phase pressure losses proceeded 
by single phase losses at the core inlet. The two-phase 
pressure losses consist of four components s 

(a) hydrostatic pressure losses produced by the variation of 
coolant density in the axial direction, 

(b) acceleration losses. As v;ater is converted into steam, 
the steam velocity increases giving rise to a loss in 
head, 

(c) frictional losses along the fuel channel and fuel rods 

(d) contraction and expansion type losses st spaces and 
tie plates* 

Frictional losses account for major core pressure 
drop and in this sense it, controls any economic role that 
pressure drop has in boiling water reactor costs. Inaccurate 
pressure drop values affect the plant performance in two 
ways.' An error in predicting pressure losses produces an 
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error in total flow across the core and in pumping horse 
power. It also means that the flow rate within fuel elements 
is not accurately known. This in turn influences the steam 
quality in the hottest channel a,nd its margin from the criti- 
cal heat flux cu.rve. 

The other application of two-phase flo\j in nuclear 
reactors is Fog-coolant Technology. Fog flow is a term 
applied to two-phase flow under conditions which cause a 
large part of the liquid phase to he in a dispersed state 
within the vapor. This type of flow is characterised hy a 
high vapour volume fraction of the order of or higher 
and high vapour velocities 7 meter/sec ■ * Heat removal 

with this type of coolant flow is achieved hy the evaporation 
of liquid at the heated channel walls and the rapid replenish- 
ment of this liquid hy turbulent transport of liquid from the 
hulk of the flow. 

Inherent attractiveness of fog as a reactor coolant 
comes from its low heutron absorption, favorable heat transfer 
properties and capability of direct cycle operation. It 
promises to permit direct cycle light water evaporation in 
high neutron economy reactor systems, and promises extension 
of boiling water reactor technology to regions of high exit 
quality and reduced water recirculation rates. 

The terms fog flow, dispersed flow, mist flow and 
steam water spray are some times used to describe what is 
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meant to be the same kind of flowing vapor-liquid mixture. 
Actually fog flow implies that all the liquid is dispersed 
in the vapour phase. But here dispersed flow means vapour- 
liquid duct flow in which most of the liquid is in a highly 
dispersed state within the vapor v:hile the remaining liquid, 
when present, flows as a thin discontinuous film along the 
duct walls. 

The size of the droplets dispersed in the vapor 
depends on the temperature and mass velocity of the two- 

Q 

phase flow. For steam-water dispersed flow at 71.25 kgf/cm 
abs. and 4.8 x 10 kgm/hr-meter average droplet size is 
estimated to be of the order of 20 to 4') Ct with a maximum 
droplet diameter of about 100 to 200 * U-nder adiabatic 

conditions the channel walls are believed to be, covered with 
thin flowing liquid film. As heat is transmitted to the 
coolant through the channel walls the liquj.d film is believed 
to break up and disappear near or above the critical value 
of heat flux, known as the bum out. Below the point of 
critical heat flux, heat transfer coefficients of 40660 to 
81300 kcal/hr-meter^ are obtained by virtue of high mixing 
in the bulk of the flow and the thin liquid layer at the wall 
which are characteristic of dispersed flow. 

Some of the advantages of using fog flow for reactor 
cooling, are common to boiling water; others are unique to: 
this coolant* The main advantages of this coolant are 
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(A'\ 

summarised by Silvestri as follows s 

(i) Coolant density is much lower 

(ii) Thermal stresses reduced since heat transfer to 
the coolant is hy a constant temperature process. 

(iii) Very high heat transfer coefficient is possible. 

(iv) Direct cycling of coolant into the turbine is possible. 

Fog may find application in graphite moderated 

reactors because of its good cooling properties compared 

with those of gases. It may find application in fast 

reactors where niinimurn moderation is required in combination 

(S’) 

with high heat transfer , Some of the problems which 

(4) 

arise in fog-cooling are listed below 

(i) If fog is not produced at the inlet of each reactor 
channel, uniform dispersion of the coolant is not possible* 

(ii) Steam circulation pumps are required even though the 
system j.s direct cycle. 

(iii) Coolant velocity 20-34 meter/ sec may pose an erosion 
problem. 

(iv) Stability of coolant depends on its quality and flow 
rate * 

(v) At low quality and/or low flovr rate the coolant flow 
pattern changes from a uniformly dispersed mixture. to 
"annular flow" with the bulk of the liquid flowing near 


the wall . 
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Dryout and Burnout Conditions t 

In steam-water mixture flow there is a precise 
point at which a more or less rapid surface temperature 
rises from a temperature close to the saturation value. 

This condition is kno\-jn as "initiation of liquid deficiency" 
or the dryout point. The heat flux which causes this condi- 
tion is termed as "dryout heat flux". Thus "dryout" nf the 
heating surface causes the "liquid deficient region"^^\ 

Heat flux of the order of 1.355xl0*^kciii/hr-m^ is required to 
initiate "dryout" resulting in much lower temperature diffe- 
rences of about 120®C, The heat transfer coefficient is of 
the order of 4.88 x 10^ to 14.64 x 10^kci^'hr-m^®C , The 
"dryout" very seldom loads to damage of heating surface and 
for this reason the pi*ocess is some times called "slow ‘burnout"# 
Departure from nucleate boiling in the subcooled and 
low steam quality areas causes the process of "film boiling" 
to be initiated. An insulating vapor film covers ’th® heating 
surface through which the heat must pass. The heat transfer 
coefficient is lower than^the dry out condition* It is 
mainly due to the lower thermal conductivity of the stagnant 
steam layer. Such^condition is known as burnout. Typical 
values of the heat transfer coefficient in this region are 

in the range- 146*4 to 1464 kcl/hr-m^ ®C, with extremely high 

VJoJiliolr&5 , 

temperature difference ( 'P^ieSO Failure of . the heating 
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surface due to melting or raptu^§ usually occurs. “Burnout'* 
shows a good reproducibility a.nd a . . regular trend. But 
to predict burnout with the same accuracy with which heat 

^ ( .3 ) 

transfer coefficients are predicted is not^easy task * 

1.2 Two Phase Flow Description : 

The term “two-phase flow-".' is considered here to be 
representative of the simultaneous flow of liquid and gas 
in closed conduit. Upward flow in a vertical conduit is the 
configuration investigated in this work. The flow pattern in 
horizontal system will be considered for comparison .. . ^ only. 
Two general categories are present in two-phase flow studies. 
One in which liquid and vapor are the same f;j;uid i.e. single 
component flow and one in which liquid and vapoi; are dissimilar 
fluids i.e. two-con^Donont flows. 

The magnitude of Reynold's number is sufficient to 

identify the laminar or turbulent type of flow in^case of 

* 1 ^ 

single-phase flow. In. case of two-phase flow^ ^ in addi- 

tion to^laminar and turbulent flow flow- re gimes^come into 

picture, These flow regimes are not readily described by 

(£\ 

one or more measurable parameters. Collier’s ^ 3?epresen- 
tation of the regimes in two-phase single component flow 
has been shown in Fig, 8 depicting most of the possible flow 
regimes in upward co-current vertical two-phase flow jn 
terms, of a single tube boiler fed with, subcooled, water and 
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producing superheated steam. The ualls are suhoected to a 
constant heat flux. The diagram is largely selfexplanatory. 
The majority of two phase flow studies have involved 
water as the liquid and air has been vapor or gas. Two 
distinct fluids with different properties may flow around 
each other in , , ; .0.;. varietj?- of ways vjhich gives rise 

different flow regimes. Therefore it becomes necessary to 
recognise the flow regimes before any analysis is to be done. 

The description of two-phase flow regimes given by 
different investigators not same. For example the survey 
of literature before 1960 made by Yohr^'"^^ for flow regimes 
for horizontal and vertical flow gives seven basic horizontal 
flow regimes. They are as follows : 

(a) Bubble flow : This regime is characterised by vapor or 
gas bubbles vrhich do not completely bridge the area normal 
to flow-* 

(b) Plug flow Long Vapor or gas plugs are formed, usually 
by coolescencG of bubbles from the bubble flow. The 
vapor plugs are separated by liquid plugs which may or 
may not contain bubbles. 

(c) Stratified. Flow : The vapor, flows in a separated stream 
above the vapor-liquid interface which remain relatively 
jgranquil. 

■y ' ' ' , . 
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(d) Wavy Flow s This I’egime is a continuation of the stratified 

flow in which the Interface develops waves of increasing 
amplitiude . ' 

(e) Slug flow i This regime occurs with a complete bridging 
of the channel by slugs of liquid which may contain 
bubbles. This liquid slug traverses the channel at a 
rapid rate. 

if) Zonular Flow : This regime is characterised by an annulus 
of liquid on the channel walls, with the vapor occupying 
the central region or core. 

ig) Spray Flow ; The liquid is dispersed in vapor, which 
becomes the continuous phase • In adiabatic flow it may 
be expected that the liquid forms patches on the walls 
if wetting occv.rs. 

Vohr listed the following flow regimes in vertical 

flow : 

(a) Bubble Flow ; Vapor bubbles aided by buoyancy effects 
move through the liquid stream which is considered to 
be the continuous phase. 

Cb) Piston Flow s The vapor forms long plugs with a rounded 
leading surface. The liquid plugs that separates the 
vapor plugs may contain entrained bubble.s* 

(o) Semi Annular, dispersed Plug Flow, emulsion flow, . 
turbuleint flow, slug-annular flow : These various 
tanas: have been used for regimes that separate the 
piston flow regime from the fully developed annular 
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regime, Th© flow structure is random in nature with 
both phases alternately attempting to assume the conti- 
nuous form, 

(d) Annular Flow : This regime is characterised by an 
annulus of liquj.d on the channel walls with vapor 
occupying the central core, 

(e) Spray or dispersed t The liquid appears in droplets 

or ligament form and is dispersed in the continuous 
vapor phase. 

By way of contrast, the classification made by 

(o) 

Nicklin and Davidson for vertical flow in air water 

systems is as follov/s s 

(a) Bubble Plow t The bubbles are small in comparison with 
the flow area and the shape is not greatly affected by 
the confining walls, 

(b) Slug Flow : The bubbles appear as in elongated forms, 
which have a rounded leading surface and a nearly flat 
bottom. The length varies by as much as several 
hundred tube diameters. These vapor slugs maintain 
their identity as they move up t ho conduit. 

■(c) Semi annular Flow : This regime has an appearance , 

similar to the slug-flow regime in that alternate, slugs 
of liquid, and gas occur. However the liquid regions 
alternately tend to build up and' break down, which , 
results in churning, motion, , 
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(d) Annular Flow ; Tho liquid is maintained on the walls, 
and tho gas flows in the core, Tho interface is v/avy, 
and the amplitude of the waves is not sufficient to 
form a liquid bridge , 

(e) Mist Flow : The liquid is carried in the form of 
droplets swept from walls by the gas flow, 

Martinelli ot al^"'^^ made a distinction between 
various possible flox^ mechanisms by considering the laminar 
and turbulent flov/ possible for both the gaseous and the 
liquid phases* In this way it is possible to have four flow 
mechanismf, Superficial Reynold’s numbers of the phases 
are taken as the characterising parameters. This classifi- 
cation of flow mechanism i-r&s successfully used by them in the 
analysis of two-phase pressure drop. However its applica- 
bility to other aspects of two -phase-flow is not knom. 

The transition between flow regimes means* a small 

A 

set of conditions exists in which the distinction bet-vieen 
two adjoining regimes is indotorminato , Again two sets of 
conditions bound this set such that each sot is identifiable 
as a particular regime* The statement of a flow regime 
transition may be made on tho basis of the mean value of a 
transition set, the upper bound or the lower boimd. The 
representation of all possible, transitions on a single plot 
or map in terms. of two parameters lATOuld be most desirable , 
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for all fluids and all operating conditions. Separate 
plots are also required for^system in which the two phases 
are injected separately and for systems in which the fluid 
undergoes a transformation of phase by heating. A general 
map covering all possible situations in two-phase flow ^^rill 
probably not bo developed until transitions between regimes 
are well established. 



II BBVIEW O F LITBRATURS 


This section summarises the nature of previous 
work on two-phase flovx which is closely related to this work. 
The literature in two phase flo^ir studies is quite extensive 
as can he seen from the recent annotated hihlio graphics hy 
Robert et al^^' ^ and Gouse^^\ 

(■a) 

Moore and Wilde carried out a series of 
experiments to study gas slippage in vertical tubes using 
water, kerosene and three different oils. They concluded 
that the surface tension of the liquid has a definite infl- 
uence on the slip ratio, 

( 3 ^) 

Somissaret studied two-phase flow parameters 
for upward co-current vertical flow in air-water, nitrogen- 
Freon-113 and nitrogen- mercury mixtures. Tests were perfor- 
med in a natural-circulation loop at atmospheric pressure. 

The superficial water velocity ranged from 0 to 0,3 meter/ 
sec 5 air weight fraction ranged from 0.0125 to 0.100. The 
'studies of air-water 4*WA.made in a 7 cm. I.D, test section. 

He concluded that two-phase flow parai'jeters changeetsignifi- 
cantly v/ith superficial liquid velocity and aiT’-w«ight 
fraction in this low circulation range. Slip ratios were 
found to be directly proportional to the surface tension of 
the liquid and inversely proportional to the dynamic viscositj?' 
of the liquid. 
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2,1 Gazley^^^^ "based on experimental evidences has pointed 
out that pressure drop in two-phase floiw is affected "by the 
types of flow regimes, 

(M) 

Lockhart-Martinelli have proposed a correlation 
for pressure drop calculation "based on certain limiting 
assumptions. These assumptions are i 

(i) The static pressure drop for gas phase is equal to 
that of liquid phase, regardless of flow patterns, 

(ii) Volume occupied by the gas plus that occupied by liquid 
at any instant equals the pipe volume. 

(iii) Four types of flow patterns were recognised consisting 
of the four combinations possible with either phase 
being considered in turbulent or viscous flows. 


The results have been presented as a plot of a 
function 0 against a parameter X, with one curve representing 
each of the four flow patterns. This correlation was origi- 
nally based mainly on data obtained for isothermal horizontal 
flow at atmospheric pressure and normal temperature in 2.54 cm. 
dia pipe using air and eight different liquids. 



The correlation quantities are defined as 


/ ^ P ^ 

^ A Z-'G 


or 0T 






IS 


In this correlation the pressure drop during two-phase flow 

is related to the pressure d.rop occuring if only a single 

phase flowed in the conduit. This correlation has been 

applied to all regimes of two nhase flow both by the origi- 

nator and by many other investigators. Isbin et al 

checked the correlation experimentally and found that it 

deviates by nearly + 50^ in predicting two-phase flow 

pressure drops and that it also depends on the liquid flow 

rate. Collier and Hewitt showed that the predictions of 

this correlation of frictional pressure drops for vertical 

turbulent -^low are too low for X -4 10 5 but are satisfactory 

for X >10 for air water flow in small dj.ameter tubes. 

(J.4' 

Davis '' presented a modified Locldiart-Martinelli 

( 16 ) 

method based on Govier’s data. He suggested that the 
introduction of Froudo number into the Locldiart-Hartinelli 
parameter X takes account of gravitational and inertial 
forces, so that the model can be applied to vertical flov/. 

The revised parameter X is defined for turbulent-turbulent 


flow as 

2 

Wr 0,9 -P 0.5 JUu 0.1 % 0,185 

X = 0.19(1)' (-^) (7%-) 


When results predicted by this method are compared with 


other data, a deviation of + 20 ^.^ is found for liquid 
Reynold numbers .above ,8000 if the Froude number exceeds 
100 . • 
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(; 5 ) 

Sofer ■ ' correlated frictional pressure drop data 

under dispersed flow conditions of stean-irater flow usiiig 

homogeneous flow model. He employed an empirically modified 

DG 2 

Re.yiiol<is number 

AP = 2 f ^ V + (Vq- \) G^ 

and f = 0.046 R^°*^ 

vrhere (Xq - x^) 

— g 


V = 


= XV + (1-x) Vf 


/I - X /Ug + (1-x) /a^ 


He found good agreement between this equation and data 
obtained for adiabatic fog flow in round tubes. 

Lockhart-Martinelli correlation was further 

(iM) 

extended by Martinelli and Nelson ■** for steam-v/ater flows. 

2 

The correlation is in terms of 0 -q vs. quality, the pressure 
being a parameter. Sharraa et experimentally investi- 

gated pressure drop for steam-water fog flow in vertical 
channel. They used a round tube of 2,54 cm. O.R, and an 
annulus of 2,54 era. O.D. arid 1.27 i.jj. Parameter ranges 
studied are pressure 6 kg/cm abs. to 7 kg/cm abs, mass 
velocities 10® kg/hr-m^ to 1.3 kg/hr-m^, and qualities 
0.4 to 0,6. They concluded that for low pressure , fog- 
flow, the Mart inelli-Nel son correlation gives pressure and 
vapour volume fraction to an accuracy- of 20 to 30^, They , 



also pointed out that there is a definite dependence of the 

2 

pressure drop parameter 0^^ -on the mass velocity of flow 
and the geometry at given values of pressure and quality. 

2.2 Regime Transition in two-phase flow 

A number of attempts have been made to prepare 
charts which V70uld allow prediction of the state of flow 
from a knowledge of flow variables. Such charts usually 
take the form of a set of curves outlining regions in which 
various flow regimes might be expected to occur. One 
such chart has been presented bjr Johnson and Abou-sabe^^"^^ • 
They def med flow regimes by plotting liquid superficial 
mass velocity against gas superficial mass velocity. 
HoogenoCroon^^^^ used the volumetric fraction of the gas 
as ordinate and the mixtui-e velocity as abscissa. 

The principal flow regime map in horizontal flow 
is due to Baker^^^^ who utilised data from various investi- 
gators mainly air-water systems to develop his flow map 
as shown in Fig. 7. He plotted gas-mass-velocity against 
the liquid-to-gas mass velocity ratio of the feed. Correc- 
tion factors. for fluids of different densities, viscosities 
and surface tension were introduced in an empirical way. 

The coordinates of Baker's map are 
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The numerical factors in Baker's parameters are identified 
as 

0. 075. = density'’ of air at standard pressure and temperature 

Ihs/cft 

62. 3 = density of water at room temperature Ihs/cft 

73 = surface tension 'of water at room temperature dynes/cm, 

1, = viscosity of water at room temperature C.P, 

Although the border between two regimes shov/n in this map 
are lines, in reality these borders are rather broad transi- 
tion zones. 

Goldmann^^^ have converted Baker's plot to plots 

for an adiabatic steam-water system. The coordinates for 

the map were the total mass flow rate and the quality, 

cA- 

The presentation^ flow regimes in this form confines the 
results to a single pressure. Thus a family of transition 
curves would be necessary to display the effects of system 
pressure . 

Some investigators have assumed that the effect 
of gravitational acceleration at very high flow rates is 
negligible,' They have also assumed that in such cases 
vertical flow-regimes are similar to the horizontal flow 
regimes. Thus at high flow rates Baker's map and Goldmann’s 
map can be used for vertical flow 
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(ai) 

Nicld.in has suggested the requirement for 
stable idealised annular flow where all the liquid flows jn 
the wall film as follows s 

(i) The forces on the film must be in equilibrium* 

(ii) The net flow of liquid and gas at any section must 
equal the respective flows entering the tube, 

(iii) The relative motion of the phases must create an 
interfacial shear stress compatible with (i). 

(iv) The film must be stable to local thickening or thinning. 

(v) There must be some way of developing the film initially. 

(21) 

Sekoguchi et al have pointed out that some 
regimes in two-phase flow may not exist in very short test 
section because of the time required for a particular regime 
to form. 

The transition behaviour from one regime to 
another has not been vrell established. Govier^^-^ summarised 
test results in vertical two-phase flow for the transition 
of various flow regimes. 

Moissis^^^^ developed a transition criteria from 
slug to homogeneous flows by equating the relative velocity 
of the vapor slug and the liquid flow. His conclusions are 
as follows t 

(i) Since in a given two-phase flow bubbles of various 

lengths may, exist, the transition cannot be defined in 
terms of a line but can only be bounded within a band. 
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Cil) The transition depends on the size of the huhhles in 

the slug flow. A-t the same qualit 3 ?' a system consisting 
of long 'far spaced hubhles is more stable than one 
consisting of short closely spened. 

(iii) Increasing the pipe diameter accelerates the transi- 
tion process. 

(iv) Increasing tho Weber number accelerates the transition 
process. 

Rossum^^^^ examined the transition from annular flow 
to annular vrith droplet entrainment experimentally. He 
mainly studied the variation of surface tension and viscosity 
of the fluids in a rectangular duct. Minimum gas velocity 
for entrainment was found to be proportional to the surface 
tension and given by . The value of c was 0.82 for 

horizontal and 1,25 for vertical dovaiward flow when was 
in ft/ sec and in dynes/cm. 

Sagati’et al^^^ made visual observation of struc- 
tural forms of the flow in vertical annuli with equivalent 
diametersof 0.0232, 0,0141 and 0,0061 meters at close to 
atmospheric pressure. They established experimentally the 
transition criteria of flow regimes. They used air-water 
two-phase flow, The experiments to determine transition 
from one regime to another were carried out with constant 
water-flow rate while the air flow rate whs changed within 
the limits which produces all possible structures. They 
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established a relation 


»* VM 


mix 


B - f (F^ . ) where F-v, . = 

' ^mix ^mix g£>e q 


w . = w^'* + w^ ' 


•mix 


mix 

’ W._j 




= volumetric void fraction. 


mix 


They plotted f5 = c (f^, f and found that ^ > 0,8 and 

■^mixi 

60 < Fp >2 for annular- dispersed flow. They also 
mix 

determined from the plot that c varied from 0.6 to 0,83 and 
n from 0,06 to 0.04 for annular- dispersed flow transition. 

Kremnev et al studied the heat transfer 
behaviour in a two-phase dispersed flow. They used diffe- 
rent terminologies for the same regime, for example Fog flow, 
dispersed-annular flow, spray-flow or fog with wfetted wall. 
They produced this regime with air superficial velocity from 
20 to 48 m/sec and moisture content from 35 to 80 gms. per 
cubic meter of air, A plot of gms. of water per cubic meter 
of air vs. superficial air velocity has been presented which 


is a straight line. 


2,3 Photographic Studies 

(• 3 ) 

Wallis presented a paper vrhich describes 
experiments in which air was blown through the walls of . 
porous tube submerged in water. He observed three diffeient 
flow patterns, bubbly, patchy ^d blanketed. He used 
movin g pictures at 3000 frames per second and succeeded 
in providing a clear picture . of the flow .patterns. 
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( jjfi) 

Carter and Huntington studied concurrent 
vertical upward flow of a.ir and water in a 2.1/8" x 20 ft 
open transparent tentti'- tube as well in a 5/16" x 2.1/8" 
annulus. They used normal and high speed motion pictures 
which made it possible to see flow mechanism Indistinguishable 
to naked eye. 

AlWes did photographic study of flovr regimes* 

He took photographs of typical flow regimes using the glass 
observation section. Diffused light was passed through one 
side of the section and photographs were talcen from the 
opposite side with an exposure time of 1/1000 second, With 
air-water horizontal flow, the annular flow occured at super- 
ficial air velocities of 6.5 m/sec to 23 m/sec depending upon 
the liquid rate . For superficial liquid velocity greater 
than 1 m/sec, it was difficult to distinguish annular flow 
from bubble flow by visual observation. His conclusions 
are flov/ regimes depend upon the, liquid and gas flow rates 
and also upon the type of jnlet, 

A direct two-colour lighting system has been 

( o) 

suggested'- which produces a positive distinction between 
the two-phases. 

2.4 Comments on Earlier Studies 

The graphical .representation of flow regimes by 
HoogendYoom*^^^^ -is hot convenient., He used the volumetric 
fraction of the gas as ordinate and the mixture velocity as 
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abscissa. The iniportant ranges of floif regimes tend to be 
squeezed together in smell area of the plot. Plots given on 
weight basis yield a more equitable arrangement of flow 
regime -are as than those on volume basis. 

Wallis^^®^ tested the homogeneous model for 
pressure drop prediction,' In all cases it was found that 
homogeneous theory gave better estimate of fri.ctional pressure 
drop than Martinelli's co-r’relation in annular-dispersed flow, 

Sharma et al^^^ compared Martinelli’s correlation 
and Homogeneous model for frictional pressure drop in fog flow. 
It was found that Martinelli’s correlation was in better 
agreement with experimontal data than that of Homogeneous 
model. 

Most of the work reported has been done in 
restricted ranges of gas or liquid flow rates, fluid proper- 
ties and pipe diameter so a general deduction is not possible. 
The effect of the change in fluid properties and dia of the 
conduit has not been well defined. 

One of the principal objective of these visual 
flow studies has been that of obtaining a clean picture of 
the flow regimes. Unfortunately the written word or even a 
series of still photographs cannot convey adequately the 
visual story to the reader pf^ published page. ,k large number „ 
of photographic observations have been made. The methods 
used include still pictures, motion pictures, and X-^ray 
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pictures. But carefully taken still pictures also show a 
lot of detail and serve as the stan-dard for flow regime 
definition. The best observations can be obtained by 
utilising a ird.cro scope for viewing the regimes. 



Ill Dji3SG_RIFT IpJL OF, Tjia RXPERI M SMT AL SB T UP 

3.1 Brief Suaniary of Equipment and 0 iteration 

The proposed study of the transition from 
dispersed flow to annular flow in two-phase water-air s3'’stem 
was done in a vertical channel. Depending upon the available 
compressor capacity the test section vras cho sen in such a 
manner that dispersed flov; could bo achieved in the existing 
conditions. The set up was designed and fabricated partly 
in. Nuclear Heat Transfer Laboratory and partly in Refrige ra- 
tion-Airconditioning Laboratory, 

3.1.1 A rough design for cross section of the test section 
was made based on Baker's plot. The cross section was then 
tested to see whether dispersed flow was developed or not. 
Finally a circular pyrex glass tube of 11.5 mm I.D. and 

16 mm O.D, was^ chosen,.. The length available was limited to 
1400 mm. Two pressure taps were inserted into the test 
section as located in Fig, 2, A calming length equivalent 
to 35 diameters i.e, 400 mm of the tube was allowed between 
the tube inlet and the lower pressure tap. This was done to 
prevent upstream disturbances. The upper pressure tap was 
inserted; 200 mm below the upper end of the tube in order to 
prevent down stream disturbances. Thus a test length of 
800 mm was provided between the two pressure taps. The 
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lower end of the test section rras connected to a trass 
fitting as shown in Fig. 3. This end connection vras designed 
and fabricated in Fabrication Shop. The tipper e.id of tiie 
test section was connected to a 1.27 cm. G.I. pipe with a 
flexible joint which exhausts the air-water mixture to the 
atrosTDhere. The test section after assembly was made 
peffectly vertical with the help of a plumb line. 

3.1,2 Air Supply 

Three air compressors at discharge rate 11 cFk, 

8,3 cFM and 5 cFM and at maximum pressure of 200 psi were 
used. These compressors are of K.G. IChosla malie and the 
connections are shown in Fig. 1. In order to reduce the 
relative humidity a simple air dryer was designed, fabricated 
and connected in the air line of the set up as shown in 
Fig. 1 and 20, Air was passed through three beds in series. 
First it was passed through a gratt*i-bed v;hich was put in 
aa U-Tube made up of 3,175 cm dia.pjedythene tube. Then it 
was passed through a straight horizontal and 

finally it was passed downward through a column of silica- 
gel, An ordinary thermometer was inserted in the upstream 
.of the orfice meter range 0 to SO^C least count 0.2'=C. A 
humidtltymeter was used to test the R-H,of the air after the 
dryer. 
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3.1.3 Water supply 

Ordinary tap v/ater was used direct^uy. A dye 
storage compartment was connected in the line in oroer to 
introduce a green solid dj/e into tne test section i^jnen 
re quired . 

In order to mjic water aiid air uniformly and conti- 
nuously a m-ising chamber was designed and fabricated as 
shown in Fig. 1, 5, 6 and 22. The unit consists of a 
conical chamber, an entry port for air and an atomiser. The 
atomiser as shown in Fig. 4 is used for spraying the 
incoming water. Some atomisers 6f different hole-diameters 
were designed and fabricated in the Precision Shop. On 
trial and test basis one atomiser was chocsesan for this work. 
This could give a spray of water even at the minimum water 
flow rate. 

3,2 Instrumentation and Measurements 

The aim of this experiment was to study the transi- 
tion from dispersed flow to annular flow. There is a wide 
choice of variables for studying this particular phenomenon. 
The final selection of variables was based upon ease of 
ineasurement and the availability of equipment . The variables 
that were to be measured during the operation of the experi- 
ment were mass flow rate of air and Water, the inlet pressure 
of, the test section and . the pressure, ' drop iJi the ,tert sep- 
' tion. Because of the limitations of the- pressure obtainable ■' 
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from the compressor the study was confined to these values 
of pressure, viz. 1.173S, 1.3142 and 1.5964 kgf/cm^ abs. 

At these three pressures, mass flow rates were the variable 
parameters. Ultimately the experimental parameters are the 
pressure at the inlet of the test section and the mass flow 
rates of air and water. By varying these three parameters, 
many different operating conditions were achj.eved. These 
parameters were choesen since the particular regimes of 
the two-phase flow studied strongly depend upon mass flow 
rates of air and water. 

For air flow measurement an orficemeter was designed 
and fabricated according to ASIIE specifications. The details ; 
are given in the appendix. For water' flow measurement a ; 

rotameter of range 0,05 to 0,55 gpm and least count 0,01 gpm 
was USea, u J, ^ J j 

One Heise pressure gauge (range 0 to 100 psi and 
least count 0.1 psi) was used with the orficemeter. Another 

Heise pressure gauge (range 0 to 50 psia and least count ! 

1 

0,1 psi) was used to Pleasure the pressure at the inlet of 
the test section. A third Bourdon's compound pressure gauge 
was used to measure the pressure of water entering the test 
section, 

A Dwyer manometer (range 0 to 24 inches of water 
and least count 0,1 inch of water) was used across the 
orficemeter. Another mercury manometer (range 0 to 12 inches 



30 


of Hg and least count 0.1 inch of Hg) \ms used across the 
test section. Both the manometers were used for differen- 
tial pressure measurements. 

Needle valires were used to control the flow of air 
and water. At other points glohe valves were used. A 
pressure reducing valve was used in the air line before 
orficemeter, in order to keep air pressure at the inlet of 
the test section constant irrespective of the discharge. 

A non return valve was fitted in. air line after the orfice 
meter to prevent water contamination with fluid of Dv/yer 
manometer. 

The se=S up was made free of vibration by connecting 
the compressor outlet and the air lines by means of a high 
pressure flexible rubber tubing. Precautions were talcen to 
prevent the compressors from overheating. 

3.3 Experimental Procedure 

Initially, the water rotameter was calibrated with 
the help of a measuring flask and a stop x^atch. The compre- 
ssors were started. The water inlet valve was opened and 
the water filled the test section and manometer legs* 

The water valve was closed and air was allowed to pass 
through the test section. In this operating condition ,all 
joints were checked for air leak with the help of soap 
solution. Then all the joints in the set up x^rere made 
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■ Leakproof, ^ test run of the operation was made 
by allowing air and water to flow together in the test 
section. After that the water flow was stopped and air. 
flow continued till the test channel hecarae dry. Then the 
aj.r was stopped and the zero readings of the instruments 
were noted. 

The inlet pressure to the test section and the 
discharge of air v/ere set to particular valttM and the air 
was allowed to pass through the test section. Then a 
small amount of water was admitted to the mixing chamber. 
After some time dispersed flow was observed in the test 
channel. The amount of water was increased sllgh-Qy: di?i; 
of 0,005 gpm. At the same time the drain off valvie vras 
also controlled in order to remove excess wa.ter in the 
mixing chamber. After every step increase in water flow 
for a fixed value of air, about 5 minutes were allowed to, 
make the flov^ steady. The arrangement of drain-off valvia 
has been shoi/n in Fig, 5, 6 and 22, The drain off valise 
was connected with a polythene tube to the mixing chamber. 

A constant level of water was maintained by controlling the 
drain off valve. Thus water acts as a seal to prevent air 
leakage through the drainage valve. 

After increasing the water flow step by step it 
was found that dry dispersed flow changes to wet dispersed, ■ 
regime. Finally for, a particular water flow, the flow 
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became completely annular, ilt this particular stage the 
orflcemeter rea-dings, water rotameter readings and the 
drained off water rate were noted. The pressure drop in 
the test section was also noted for the particular condition. 
After noting all the readings the water supply and the air 

supply were stopped. The zero error of the instraments was 

ajr 

noted. Again for the same inlet pressure ^the test section, 
the discharge of air was set to a lower value and with the 
help of the pressure reducing value the inlet pressure at 
the test section was brought to the original one. The 
previous steps were repeated until the transition from dis- 
persed to annular flow took place. At this instant the 
second set of readings were noted. In this way for the 
particular tost section inlet pressure and for different 
air flow rates, the quantities of water flow required to 
obtain transition from dispersed flow into annular flow 
were obtained. In this way three inlet test-section- 
pressures vexQ used to obtain three sets of readings, each 
set corresponding to about sjoc air flow rates. 

The regimes observed during the main experimenta- 
tion were verified by adding a very, dilute green dye to 
the water. . The readings obtained in this case for a 
particular, condition was same as in the main experimenta- 
tion. 



3,4 Photographic Equipnent and Technique 
t&e 

Herc^^still picture, technique was adopted. 
Unfortunately even high sueed motion pictures have not 

(o) 

clarified the tra.nsitioii from one regime to another • 

In the present photographic study a technique of diffused 
light was used. Three sides of t]iG test section were 
covered vjith tracing sheets. The fourth side ’was exposed to 
the Camera. Illumination was ^•v»‘*t«i»lon the two sides using 
one "bulb of 500 watts each side. On the third covered side 
day light was allowed to shine as shown in Fig, 6(a). In 
this way diffused light on the test section from three sides 
were used. The camera was kept at 0.3 meter from the test 
section and a close up attachment vjas used. 

The experiment was run at 1.3142 kgf/cm^ abs, of 
the inlet test section pressure, A veiy dilute green dye 
was introduced to the water. Table No. 4 represents the 
air flow rates and water flow rates at the conditions where 
photographs xwere taken. Photographs for increasing water 
rates and keeping air flow rate constant were taken. Then 
some phtographs were taken by decreasing air flow rate in 
order to study transition from annular flow regime to plug 
flow regime, A 36 mm INDU film was used. The exposure, 
time was 1/500 seconds. 



IV RESULTS, DISCUSSIOI'IS AIID RICOIIRSmATIONS 

4.1 Results and Discussions 

The results of the present investigation are presented 
in the form of graphs, photographs and tables. 

4.1.1 Flow Regimes 

Flow regimes observed in the test section were recor- 
ded along with the entrance pressure by still photographs. A 
series of the photographs were taken starting from dispersed 
flow till it becume; just annular. Photographs were also 
taken for plug flow. It was found that the actual flow regimes 

m 

encountered dependOct , upon the magnitude of the mass flow 
rate and the initial fluid conditions. 

In the Case of annular flow the walls of the conduit 
are covered by a film of liquid while the central core contains 
air and possibly some entrained water drops. The character 
of the liquid film varied from a slow-mov-ing liquid with 
small waves on the .interface to a highly di.sturbed surface, 
on which both small waves and faster moving high amplitude 
waves existed simultaneously. T■^,JO types of annular flow 
were observed. The first one can be named as unsteady- 
annular regime which could develop just after the transi-* 
tioh from dispersed, flow. In this case there was fluctua- 
tion of manometer readings. The next observed regime was 
steady-annular flow. , In this case there was no. fluctuation 
of. manometer readings.- 
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Two types of dispersed flow vrere observed. The 
first one was the dry-dispersed-flow jji which there were 
no strips of water-film on the walls of the channel. The 
second one was the wet-dispersed-flow in which there were 
water-film strips on the wall of the channel. In • 
dry-dispersed flow almost all the water drops were entrained 
in the air core. In wet dispersed flow the strips were 
regular and then became unsteady just before the transition 
to the annular regime. 

The inlet conditions are important. If water is 
injected smoothly on to the walls of the channel, there is 
no immediate entrainment of the droplets in the core even 
when flow rates are high. Time and length are required to 
establish the wave pattern or other film instabilities which 
allows the droplets to form and mix with the gas in the core 
liJhen tho water is injected as spray, it is redeposited on 
the walls eventually setting up an equilibrium condition. 

If water is not injected as spray this equilibrium may 
require a thousand or more diameters to establish itself. 

4.1,2 Extension of Baker's Plot 

The, principal flow- regime map in horizontal flow 
is due to Baker^^®^ Pig. ,7 shows the original map due 
to baker. Some investigators have' considered the effect 
of gravitational acceleration at, very high flow rates to 
be negligible and so the vertical flow regimes would be 
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similar to tlio horizontal forms. The coordinates in the 

Baker's plot eliminate the differen-CGhett/zeen pipes of diffe- 
rent sizes. The limits of coordinatos used in the Baker's 
G G 2 

plot are from 1 x lO”^ to 10^ and -f from 10 to 

’ c g ' 0l 

10^. Ho inve stiga.tion has Deexi done for less than 

g 

0 , 1 . 

Here a similar plot has hoen presented based on the 

present investigation as shown in Fig, 9. In this work the 

boundary between dispersed and annular flovr has been presented 

for (■^) Ay from 3,3 x 10”^ to 0,1, 

g 

The readings were taken at three different inlet 
pressures to the test section. Nothing c^ be concluded 
in general for the effect of inlet pressure due 
to number of readings. But it can be concluded that 

for the same air flo\T rate, as inlet pressure increases more 

A 

water is required in order to obtain a transition from dis- 
persed flow to annular flow- Since all the readings lire re 
taken visually, a sharp boundary between the two regimes 
Cannot be drawn. The upper part represents the dispersed 

regime whereas^ower part represents annular regime. The 
A ■ ■ 

points represent the state points for transition 

for. a given pressure. 
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4.1.3 Extension of Goldman, Firstenberg and Lombardi-Plot 

The appliC|,tionsof the generalisod Baker's plot to 
steam and water data at elevated pressure are made by Gold- 
man et al*'^^^^. In their work the co-ordinates for the map 
are total mass flow ra.te and quality. In the present work 
a similar plot has been made in Fig. No. 10. Here total 
mass velocity wnJi air v/eight fraction aro taken as coordinates 
of the plot and the inlet pressure as parameter of the plot. 
This plot has been deduced from Baker's plot for the para- 
meters of the present work. From this plot it can be 
concluded that as air weight fraction decreases, the transi- 
tion from dispersed to annular flow ■ . . takejj place at. lower 

total mass velocity for the same inlot pressure. At the 
1IS- 

same time as^ inlet pressure increases at a given. air-vreight 
fraction a. higher value of total mass velocity is required 
in order that transition ^ takes place from dispersed to 
annular flow. 

4.1.4 Kremnev et 8.1-Plot 

Kremnev et al have presented a plot for^dispersed 
flow regime in which the mas-s of water per unit volume of 
air and the superficial gas velocity are used as the coor- 
dinates. A similar plot for transition from dispersed to ' 
annular floiir is shown in Fig. 11 in, wb-ich the data h^the. 
present work are hsed. The work of Kremnev et al has been 
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comp are d with present work. 

4,1,5 Photographic hork 

Betvrcen the regions o? dispersed and annular flow 
there is a wide transition band. Ifcatorer be the method of 
measurement used to define the regime transition, there 
would still be a band whore there vrould bo a question as to 
whether one should call the flow annular or dispersed flow. 

In the present work the readings were talcon where the flow 
becomes 3ust annular as per visual observation. So the line 
of demarcation in Figs, 9, 10 and 11 represents a line in the 
transition band only. 

Visual observations were recorded by moans of still 
photographs. The series of photographs are shown in Fig .13 
to 18, These phtographs are tho records of flov/ patterns 
at 1.3142 kgf/cm^ abs.. test section inlet pressure and at 
different superficial velocities of air and water. Fig»13(a) 

«a 

represents the pattern of dry dispersed flow when Vgg is 
47,8 m/sec and V^g is 0,8 mm/ sec. Fig, 14(b) represents 
the pattern of Vet dispersed flow where V is 47,8 m/sec 
and Vj«g is 1.44 mm/ sec. Fig, 15 represents the transition 
where dispersed flow disappears and annular flow starts^. 

In the present work Fig. 15(b) records the transition from 
dispersed flow to annular flow for which all readings were 
taken. Fig, 16(a) shows the .annular flow, with indicated . 
velocities'^. '■ 



39 


Transition from annular flow to plug flow has been 
also recorded bj?' means of a few photographs; Fig. lS(b) to 
18(a) records the transition from annular flow to plug flow. 

Fig. rJo, 18(b) represents the plug flow where is 14.95m/sec, 
and V^g is 2.64 inin/sec, 

4.1.6 Pressure Drop Data 

Table Ko. 1, 2 8.nd 3 show the pressure drop data in 
two phase flow along the unheatod circular tost section for 

2 

three entrance pressure viz. 1.3.736 kgf/cm^ abs, 1.3l42kgf/crri 

and 1.5954 kgf/cm^ abs and for different mass flow rates. 

> 

These data shov/ the pressure drop in a circular test section 
when transition is taking place from dispersed regime to 
annular regime. Fig, 12 shows the plot of pressure drop vs. 
air weight fraction taking entrance pressure as parameter. 

Here it is .seen- that as eio trance pressure increases pressure 
drop increases, ii-lso for the sane oncrance pressure j pressure 
drop increases as air weight fraction increases. 

The errors involved in the present work cannot be 
assessed quantitatively since the regiiiiGS were identified 
by visual observations. 

4,2 Recommendation for Future Work 

The following recommendations for further investi- 
gation-are made : , 

(i) The effect of diameter and geometry has not been 

established in any of the investigations to a satisfac- 
tory degree. It would, be beneficial to consider a 
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fixed external loop and 1o vary iiie daspe, size and loaglto. of "Hie 
test section. In partictilar "ttie proper equivalent diameter to be 
en?)loyed for non-circiilar conduits, must be establi^ed, 

(ii) X-rey pbotograpbs be utilised to obtain well defined flow 
regimes. 

(iii) . A study of flow regimes using optical microscope may yield more 

definite results regarding flow regime transition. 


Errors in measurements : - 

Bie errors can be brou^t togeliier in Ifaree major groups. 

Errors in measurement of mass flow rates, enore in measua?ement of 
pressure drop and errors in distinguififlilng Hie xegis^ visually. OHier 
data required in Hie calculation like densities, surface tension etc. 
have been taken frcmv standard hand books. 

Bie errors in ai,r flow measurement by ortfice meter can be 
calculated based on least count of measuring instruments i.e. manometer, 
pressure gauge, Hieimometer and vernier calliper. 



A!i + 

■n ~ -n ^ w 


A W 

h 


A ^1 


where « 0.1 peij least count of the pressure gauge 

= 13 psi $ minimum pressure 

^h^ a 0.1" ; least count of 1±ie manometer 

h e: 1,5" ! minimum differential pressure head 

w, 

^ Dg a 0*005" j leiMt count of Hie vernier calllpear 
Eg “ 0*)(^(Rt* 5 die of the oifice# 



40A 


=* 0«2®C : l«.ast cotmt of ihe ibeioonieter 

»® 17^0 } minlmuta tengj# of iiie air 



ErTOM due to non-confoimity of ttie orficemeter 711141 Uie 
specification I including dia of 1he orfloe, distance of taps, disr 
tance of calming section cannot be estimated accurately. HoTvever i* 
is felt that this will be significant. To be on the safer side in 

error calculation, ( ^ *= + 5.215^) is multiplied by a factor 

of 2 Thicb makes ® — is -h- 10%, 

'”e ” 

Similarly the a-ror in water flow measuronent can be calculated 
based on the least counts of the rotameter and the measuring flask and 
also the error in the observation of time by the stop Twitch. 

^^1 A& . P N . P Hap ^ AP At l 

Wj^ “ G Gt^ ~ “ t^j 

fhere G = 340 cc./m'inute j 0.09 gpm. 

AG SB 0.00125 gpm; error in rotameter reading observatiai 
P s= 320 cc, ; maacimum reading in the measuring flaetk 
P s 2 cc« least count of the measuring flask 
t s= 1 minute; time of observaticm 
At « 2 seconds; estimated error in time of observation 

/. +4.3?^ 

Haociimsa error in pressure drop measurement can be estimated 
based sn evtor due to le«»t count of the msnometer and error due to 
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liie shape of -the pieseure tapplage. !Qie eatljaated valiie of ^e 
error In ‘•^o ^ap® of pressu3?e tappjng|i8 

Bixer in )jpp * x 100 + 1.1 

shere /th. » 0.05" j error in manoiaeter reading 
h a 1" ; minijaiaa pressure drop 

Error Jn » 6.1 ^ . 

Xhls error of 6^ is to be used wLih all ihe pressure drop 
ealoulatlons reported in this thesis*. !Qie errof estimates on the flew 
measurements ha^e been incorporated in Tig. 9 ehlch gl'vesihe Baker's 
plot for Ihe transition combination of Ihe errors in (03/0g)<^*t' 
^g^ which are the abscissa and ordinates in Tig. 9 shows that 
the unoertaiaaty in predtctiBg transition of the regime is of the 
order of ^ 16^. Ihe uaeertaintiy is shown in the ease of -ftie 4 psig 
readings bgr a hatched arrea. 


Bendiok, R.B. "Tundamentals of femperature pressure and flow 
measurement", John Wiley and Sons Inc. pp 258 (l969). . 
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;.PPT-'DIX 


Design and Pabrj.cation of an .’J.r- 
Orifice Heter 


1. Orifice-meter Installations 

In provj.ding and setting un equipment for flow 

■ p 

metering purposes, the initial step isjj^election of orifice 
size and manometer range to iiand.le the expected flow rate. 
Once these decisions have been made, the next problems 
encountered comprise generally of location of a suitable 
position for the orifice plate in the process line and design 
and installation of the orifice plate. Consideration must 
also be given to the type of orifice flanges and pressure 
tap connections used and to the location of a thermowell 
for temperature measurements. However, ^.-dien possible, the 
pressure should be high enough so that small changes in 
pressure drop across the orifice have an inappreciable 
effect on the expansion factor Y, Thermo;;'eterwell should 
be placed atleast 10 I.D. preceding orifice plate. 

Effect of Gas law deviations on metering accuracy - 

As both the temperature and pressure of a gas 
approach their critical values considerably a widening 
deviation from the perfect gas ■ law is. exhibited. In the 
region neau and particularly .^ust below the critical 
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point, /a values are more sensitive to changes in tempera- 
ture and pressure and it becomes increa-singiy difficult to 
evaluate gas densit 3 r. Thus it is usually desirable to 
avoid the metering of gases near their critical points. 

Orificemeter Pipe - 

(30 

nfter providing sufficient length ^of the pipe 
upstream and down stream, the pips was used whose interior 
is nearly cylindrical, smooth and free from blisters, 
scale and rust as far as possible. 

Line Size - 

An Orifice plate should not be installed in 
lines less £Han 2” diameter. If line size for metering is 
not possible to have -2" of diameter, less accurate readings 
are encountered. 


Position of Line - 

Although an orifice plate may be located in 
either horizontal or a vertical line, installation in 
horizontal line is pi’eferable in most cases. For liquid 
metering, location of an orifice plate in a vertical line 
with downward, flb.w is not advisable., since under, some 
conditions the liquid may .fall free and .may- not fill the 
line. 
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Required Length of Straight Pipe - 

For maxii’'iUin accuracy, the orifice plate should 
he preceded hy a straight section of constant diameter pipe 
at least 50 D internal pipe diameter long and should he 
followed hy a sj.milar pipe section at least 10 diameters 
long. 

For minimum length a chart has been dei-e loped 
from the piping standards presented hy Sprenkle^^^^ , 

From this chart, in our case diameter ratio 
Dg/D^ = iSj = 0,3. 

Therefore, downstream length = 3 I.D, 
upstream length = 6 I.D, 

It should he noted that the upstream and down- 
stream dimension given in these figures are minimum values 
which should he increased where conditions permit. 

Pressure Tans : In general three types of pressure taps 
connection are used s 

(i) Flange Ts^ps - Upstream tap exactly 1 inch 

from upstream face of the plate, 1 inch 
down stream tap from down stream face. 

(il) Vena Contracta Taps - Upstream one I.D,. from upstream 
face of the plate and centre of. the downstream tap 
from Fig. 42 of Ref. 47, In our case 0.44 I,,I), 
from downstream face minimum' and 1.14 I.D, maximum. 



49 


(iii) Pipe Taps - Upstream 2-|- nominal pipe diameter from 

upstream face of the plate and downstream 8 nominal 


.pipe diameter from down stream fc.ce of the plate. 
Plate thickness, - 

A minimum plate thickness of 1/16” is desirable. 
Leading 3dge Thiclmess, - 

Accdrding to Gas measurement Comittee (p) 


02 4 i a , 


D = I.D, of pipe 
d = Orifice dia. 


The minimum of these three should be talcen. 
In our case 


Cg = 1*4 mm 
= 5 mm 
Pi = 0.3 
d = 12,6 mm 
D =42 mm 

If then 45° bevelling is done. 

Tap Connection - Here vena contract a tap connection has 
been used. Upstream 42 .mnv from upstream face of orifice. 
Downstream,-. 18,5 mm from dQwnstre'am face of orifice*. 
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2 . 


Basic Ralations for the lIoasurornGnt with Orificemeter ; 
General equation for orifice flow is 



^ C J 2 g /i h 


( 1 ) 


- average velocity in the pipe at the upstream pressure 
tap, ft/sec. 

Ug - average velocity through the orifice at flow conditions 
/kh- differential pressure across the orifice 
C “ coefficient of discharge 


We know 


^1 “ ^2 ~ ^2 "^2 
Substituting this 'expression in (1), and simplifying, 


C \/ 2g ^ h 



(3) 


= inside pipe cross-section. Aroa at the upstream 

pressure tap, sq.ft. 

iig = Orifice area at flow temp., sq# ft. 

= inside pipe diameter at upstream pressure tap 
Dg = orifice tap diameter at 50®F in.“ d. 




r — ^ 


velocity of approach factor 
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= K , 

J2 

g A h 


where K 

= 

C/J 1- = orifice discharge coefficient. 

■*^1 



In 

terns of mass rate 



w 

= 3S00 OgS 

(5) 




(5) 


= density of fluid flowing through tho orifico 
oC = ihi aroa multiplier which allows for thormal erpansion 


or contraction of tho orifice ulate. 


= 157.5 (Dp) K f \]A li 


W — JLt-> ( mU **2 

The differential pressure in terns of inches of mater 


(7) 


Ah = 


h 


w 


12 L f 


6 2.37 " 


( 8 ) 


where h = differential pressure across the orifice, 
w ’ 

inches of water at 60®F. 


= density of fluid flow'ing at upstream pressure 
tap conditions, l]?/'&ii.ft* 

(7) becomes 

w = 359.1 (D^) ■3^ h 1^2 J 

For compressible fluids, a chaiigo in density occurs as the 
fluid flows through the ori-fice from the upstream to the 
downstream section of the pipe. A dimensionless term, the 
expansion factor Y, is introduced to compensate for this 
density - change ¥ . ■ ■ . , " ' 

' '■ r ’ cn-4pfii? ' ' ' ' 

^2i4A. I 
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M — molecular v/eight of the gas 

p ^ -absolute static pressure at the upstrean pressure tap 
psia 

-absolute temp, of the flowing fluid upstream s 3 '.de of 
the orifice 

/^1 »gas law deviation (compressibility) factor at p^ and 
10,73 = perfect law gas constant 

3, Selection of orifice size and Manometer range - 

The design of an orifice meter installation involves 
the choice of a suitable orifice diameter and manometer 
range . 

Limits of 

In flange taps,. should be ..between 0,15 to 6,70 
when Re 10,000 5 betwen 0,2 to 0,5 if it is not possible. 
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to design x>rith He > 10,000. 

In case of Tena contracta taps ,3^ should be beti/ean 
0,15 to 0,75 ’.vhen Re >10,000 between 0*2 to 0,5 if Pte^l0,000. 

In ca.so of pipe taps, should be/.botween 0,2 to 
0,67 when He > 10,000, For Ho ^ 10,000, pipe taps should be 
avoided bacauso of lach of data. 

Calculation of 

w = 359.1 (D„)®oC la JP h 

2 1 V '1 W 

M P-, 

p = — i 

“*1 10.73 T^jLl3_ 

Maximum discharge expected = SI, 7 Ibs/hr, 

359.1 2 2 

355.1 2 , f h M P- 

SI. 7 = j8, x(1.65) X 1 X K X 1 / 

VT^.TW ' V X 1 

M = 28.96 

P = 39.7 psla 

T = 68®F 

h„ = 24" 
w 

Substituting values, wo get 
*^1^,= 0,267 
is chosen as- 0,3 . 

Orifice d,iambter = 42x0,3 = 12,6 mm. 
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Cg = 1»4 mm 
= 5 mm. 


4. Calculation of Ilotor Fa.ctor and Flow Fate 
w = 359.1 IC Ibs/hr, 




v/10.79 ' ' 1 "■ 1 

359.1 X 0.3^ X 1.65^ 
/ioTts" 


Tt Ij 
1 / I 


' I h H pv 

J 


26.85 liln 


TlA(l 


For air M = 28.96 


w ,= 144 


JiEj. lb s/hr 

Ml 

c>C= 1 from 50OF to 90°F (RGf.47) 


Gas law doviation ( Comoro s sib 11 it y factor) 

, Pi Vi 

1 for pressure 0 to 30 psi ajlot of/i^ 


i3a) 


vs. pressure, temperature as parameter is given 

AV 

k plot of given with as parameto] 


F = differential pressure 

c 

K = ? =1.4 for air ' 

Y^ s 1 for the compressor and manometer used. 


C3a) 
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Finally 

[h~% 

w = 144 lb s/hr* 

^1 

IPj^ is inlet pressure in nsia# 
and is the inlet tomnorature . 

C%X) 

A table for r as a function of Roxmold's number is given * 
Procedure to calculate flow rates s 

(i) For a particula.r value of K from the table, w is 
calculated 

(ii) Inlet velocity is ca.lculated. 

( iii) Reynold ’ s number is calculated, 

(iv) For the calculated Reynold's number, value of E is 
taken from the table and corresponding w calculated, 

(vj Again with this flow rate, Reynold’s number is calculated 


and value of K taJeon, which is final for calculating w 
Value of K for 1.625” I.D. i.e. 42 ram I.D, and Vena contracta 
pressure taps and = 0.3. 
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Pressure drop iii two 'oliase air \/ator flovr at 1.1736kgf/ 
cm'^abs. inlot pressure* 


AXr-^low 5Wate r- 
Kg^/hr iiflow 

|Kgjjj/hr 

5 

5 

5 • 
ii 


finiet ^r~A'p"' STir i[^^orf""5Su”oVX-TG^^ rG_ ” 
Upress- |0.205 5w8ight|ficial|cf wat-gl 

« L-n iri* « jl^ir- Ser/mtr*^ v 


ure A 

kgf/cm^l X0,012 SKgKi/.iltion 


Sabs. 
S 
5 
5 


S nim of 
Swater 


5 per mtr 5 


Shr.m'^S 

S I 


5 


5 


Svelo- 

Scity 

5 f® 

jm/sec 


Hof air i|- 

S S 

S S 

S S 

L_ ±. 


S g 

i -2 

I 10 

s 


19.6 

0.9 

1.1736 

1.21 

4,052 95.6 

37.65 

63.8 

3,6 

4,92 

17.36 

0.9 

1.1736 

1.125 

3.597 95. 2 

33.4 

72 

3,18 

5.57 

14.8 

0.932 

1.1736 

1.0 

3.094 94 

28.55 

87.5 

2.71 

6,8 

11.78 

1.08 

1.1736 

0.875 

2.5323 91,8 

22.65 

127.5 

2.16 

9,85 


11.78 
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J in « 3 

Pressure Drop in Two -phase **ii— T.'^uter 

P 

flow at 1.5954 kgf/cm ahs. iiiiet pressure 


Air- ilWat e r- Hi xiLe t ^ 
flowilflow Spress- 
Kg /5Kg /hrijure p‘ 

hr? il illCgf /cm 5x0.012 5Kgm/hrJtion 

5 ^ahs. 5mm of 5m2 5 

5 5 5water 0 5 

L™ 2 i[p.ejL jatjd 


Fg X ;riV5SupQ”r^ ^FGms.ofriL~T G-T 

^ mp ™ 50,205 xSweightSficial Swater ( 77 “) 

AA TPFj^q_4 firntrSoifO >^J 


5velocity5 . 
fiV_3 it/ 5^^"" 
5 sec 5 

J ^ 


10^5 

5 

5 


10 ' 


-2 


40.3 

1.44 

1.5954 

3.185 

8,23 

96.5 

56,8 

67,6 

6.,35 

4.48 

36.8 

1,392 

1.5954 

3.0 

7.5242 

96.3 

52 

71.6 

5.78 

4.75 

32.8 

1.35 

1.5954 

2.9 

6.726 

96,2 

46.3 

77.8 

5.17 

4.95 

28.4 

1,35 

1,5S54 

2.75 

5.856 

95.5 

40 

90 

4.47 

5-. 75 

23.1 

1,232 

1,5954 

2.5 

4.7925 

94.8 

32.6 

101 

3,63 

6,68 

20.75 

1.35 

1,5954 

2,34 

4.328 

94 

29.2 

123 

3.26 

7.6 


i 

i 


1 


1 



TABL5 NO ,4 


o» 


RegimGs Photographed at different air flow 
and water flow rates* 


S,'Noittnirflow!l 
firato 5 
5kg/hr 5 

5 5 

L. - ..i 


Water flow 
rate kg/hr 


T Air 5* Water SuperT 

il ficial" velO“5-ficial velo4 

I ! 

* la/seo S m-Vsec { 


1 


i 


Fig. No, 


1 

27.8 

0.3 

47.8 

0.8 

13(a) 

2 

27.8 

0.39 

47,8 

1.04 

13(h) 

3 

27.8 

0.42 

47.3 

1.12 

14(a) 

4 

27.8 

0.54 

47.8 

1.44 

14(b) 

6 

27,8 

0.72 

47.8 

1,92 

15(a) 

6 

27.8 

0.9 

47 .-8 

2.4 

15(b) 

7 

27.8 

1.26 

47,8 

3.36 

16(a) 

8 

18.0 

1.2 

31 

3,2 

16(b) 

9 

18.0 

0,87 

31 

2.32 

17(a) 

10 

11.64 

0.54 

20.0 

1.44 

17(b) 

11 

9.88 

0.93 

17 

2 .48 

18(a) 

12 

8,7 

0.99 

14 .95 

2.64 

18(b) 
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